We have demonstrated sensitive fluorescence detection of rhodamine-6G in aqueous solutions down to -1 0 -'s M with a detection limit of 6 x 10 -'5 M. The working curve was observed to be linear over four orders of magnitude and could be extended to higher concentrations. Single molecules of rhodamine-.6G had a transit time of 1.8 ms through the 11 pL probe volume. At 2 x 10 -'4 M, the probability of a molecule being in the 11 pL probe volume is ~0.1. Analysis of the data indicates that the signal-to-noise ratio for the detection of a single molecule of rhodamine-6G is ~ 1.
INTRODUCTION
Laser-induced fluorescence is a sensitive tool for chemical and biological analysis. The technique has been used to detect single atoms in the gas phase ~ and single accelerated ions exiting a mass spectrometer. 2 In a stationary, solvent-free system, Hirschfeld reported detection of a single antibody molecule adsorbed on a microscope slide and labeled with 80 fluorescein mole-cules2 Kirsch et al. demonstrated the detection of single microspheres containing ~ 8000 adsorbed rhodamine-6G molecules. 4 Yen 5 and Lange et al.S reported the detection of tens of ions in a restricted irradiated volume of an optical fiber or glass. Ramsey and Whitten reported the observation of ~ 10 rhodamine-6G molecules in a droplet of water levitated for several seconds. 7 Sensitive fluorescence detection in solution is limited by the noise associated with background emission and scattering from the solvent. With ultrapure solvents the background is dominated by Rayleigh, specular, and Raman scatter. For ultrasensitive fluorescence detection, when only a single molecule is in the probe volume, it is important to minimize the probe volume and thereby maximize the ratio of fluorescence from the single molecule to the background emission from the solvent. For several years we have been using sheath-protected, hydrodynamic focusing techniques employed in flow cytometry a,9 to attain a small probe volume. When the field of view of the detection optics is restricted to the illuminated volume of the sample stream by spatial filtering, it is possible to minimize contributions of scatter and impurity fluorescence from the rest of the flow chamber to the background signal. In addition, a sheath-protected flow system prevents sample molecules from being adsorbed onto the chamber walls. Hydrodynamically fo- 17 We report here: (1) improved sensitivity for cw fluorescence detection of rhodamine-6G in a hydrodynamically focused flow; (2) linearity of a working curve down to 10 -15 M with a detection limit of 6 x 10 -'5 M; and (3) a calculated single molecule signal-to-noise ratio of ~ 1.1.
EXPERIMENTAL
Our ultrasensitive fluorescence detection system has been described in detail. 15,16 A block diagram of the experimental arrangement is shown in Fig. 1 . A commercial flow chamber (Ortho, Model 300-1421-000) was used in these experiments. The hydrodynamically focused flow forms a narrow sample stream in the center of the 250-#m x 250-gm square flow channel. The size of the sample stream depends on the ratio of the volumetric flow rates in the sheath and sample flows, is The use of high-quality syringe pumps (Harvard Apparatus, Model 22) greatly improved the flow stability of the sample stream.
Crossed cylindrical lenses (100-mm and 17-mm focal lengths) were employed to focus the Ar-ion laser beam (514.5 nm) to an elongated spot along the direction of the sample stream. The laser beam waist in the center of the sample stream was measured to be 22 #m x 97 gm (1/e 2) by translating a razor blade across the laser beam at the focus. Fluorescence photons were collected with a 40 ×, 0.55 NA microscope objective (Nikon Inc., Model LWD40X), passed through a 200-#m-wide vertical slit and a 560-nm bandpass filter (Omega Optical Inc., O.D. at 514.5 nm >6 and transmission at the peak of the fluorescence ~80%, FWHM of 40 nm), and detected with a photomultiplier tube (RCA 31034A, specified quantum efficiency of ~0.24 at 550 nm). Single photon events were processed by an amplifier/discriminator (EG&G PAR, Model 1121A), and counted with a Table I , the concentration of the sample is corrected with a dilution factor of 0.21, estimated as an average concentration in the probe volume determined by the ratio of the calculated and measured stream areas. The dilution factor was not used in the plot of fluorescence vs. concentration shown in Fig. 2 .
The probe volume is determined by the intersection of the sample stream, the laser beam, and the viewing cone of the detection optics. The probe volume coordinates are: z-direction along the flow axis, x-direction along the laser beam, and y-direction along viewing axis. The dimensions of the probe volume, as defined above, are: Log-log plot of fluorescence photocounts vs. rhodamine-6G concentration. The concentrations in the figure are not dilution corrected. The fluorescence intensity is the number of photoelectron counts minus the average background. The straight line is a linear regression fit to the four largest concentration points, yielding a slope of one and a correlation coefficient of 1.000. Error bars on the two lowest concentration points represent 2a deviations of the average for that concentration. The average of the background is 212,764 ± 65 counts per second. ple stream, focused to an elliptical area of 97 ~m x 22 #m to yield an irradiance of ~40 kW/cm 2.
Rhodamine-6G was obtained from Exciton Chemical Company and used without further purification. Aque- ous solutions (from 1.0 x 10 -10 to 1.0 x 10 -15 M) were prepared by serial dilution of a 1.0 x 10 .4 M stock solution within 24 h of the experiment. Water was obtained from Burdick & Jackson and used without further treatment. All glassware was kept in a H2SO4/Na2Cr207 cleaning solution overnight and then rinsed thoroughly with the water. After all flow lines were rinsed sequentially with a large amount of ethanol and water, a sample solution was allowed to flow for 2-3 h preceding data collection. This procedure significantly reduced the loss of rhodamine-6G due to adsorption onto the inside surface of the flow lines.
T A B L E I. Experimental conditions and analysis of sensitive fluorescence measurement.
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RESULTS AND DISCUSSION
A log-log plot of fluorescence photocounts vs. rhodamine-6G concentration in the probe volume over the range of 1.0 × 10 -l° to 1.0 x 10 -15 M is shown in Fig. 2 . The slope of the line fit to the four largest concentration points is 1.0 with a correlation coefficient, r = 1.000, indicating a linear dependence over a concentration range of three orders of magnitude. A fit including all of the data points yields a slope of 0.86 and a correlation coefficient of 0.99. Data were collected for 50 one-second intervals and averaged. The measured background count was 212,764 ± 65 counts/s. Each data point plotted in Fig. 2 was obtained by subtracting the average background count from the photocount of the corresponding sample solution. The error bars shown on the two lowest concentration points represent a 2or deviation of the mean 50 measurements. The error bars are less than the point size for the larger concentrations.
The detection limit is defined as the corrected concentration which would yield a fluorescence count, in three one-second measurements, equal to two times the noise in the background. From Table I 
Note that, for concentration measurements, in contrast to small sample measurements, focused flow would not be used and sample dilution would not occur. The details and analysis of the data shown in Fig. 2 are summarized in Table I . The analysis of these data indicates that the S/N for single molecule detection is 1.1. Compared with previous work for rhodamine-6G, 15 where the S/N ratio for single molecule detection was reported to be 0.26, we have improved the sensitivity by a factor of four. This enhancement is attributed to the use of an extended probe volume and slower sample stream velocity, thereby increasing the interaction time of the molecule with the laser while keeping the laser irradiance under the saturation level. The net effect is an increased number of photons emitted by a molecule during its transit across the laser beam.
CONCLUSION
An analytical working curve linear down to ~ 1 x 10 -15 M was constructed and a detection limit of 6 x 10 -15 M was measured. The observed enhancement of the sensitivity for fluorescence detection of rhodamine-6G, by a factor of ~4, is attributed to an increased transit time of the molecules across the laser beam. Further increase in S/N by going to longer transit times is precluded for rhodamine-6G in water by photobleaching. 19,2° Our calculated S/N of ~ 1 for a single molecule indicates that our detection capability in this experiment is two or three molecules of rhodamine-6G.
Increases in the sensitivity for the detection of rhodamine-6G result from the use of ethanol as a solvent to increase the fluorescence quantum yield 19 and the photostability, 2° and the use of pulsed excitation and gated detection to discriminate fluorescence from Raman and Rayleigh backgroundY 1 We anticipate that improvements in the photon collection efficiency and the use of time correlation with position-sensitive detection will further increase our sensitivity.
One of our major interests in fluorescence detection in flowing sample streams is to detect single fluorescent molecules with high efficiency and excellent S/N. This capability will then be applied to a technique for the rapid sequencing of DNA which is based upon our projected ability to detect single tagged nucleotides cleaved from a single fragment of DNA. 22, 23 
